Using Cenozoic and Mesozoic plate motion reconstructions, we derive a model of present-day mantle density heterogeneity under the assumption that subducted slabs sink vertically into the mantle. The thermal buoyancy of these slabs is estimated from the observed thermal subsidence (cooling) of oceanic lithosphere. Slat) velocities in the upper mantle are computed from the local convergence rate. We assume that slabs cross the upper/lower mantle interface and continue sinking into the lower mantle witIx a reduced velocity. For a velocity reduction factor between :2 and 5, our slab heterogeneity model is as correlated with current tomographic models as these models are correlated with each other. We have also computed a synthetic geoid from our density model. For a viscosity increase of about a factor of 40 from the upper to lower mantle, our model predicts the first 8 spherical harmonic degrees of the geoid witIx statistical confidence larger than 95% and explains 84% of the observed geoid assuming that the model C21 and S21 terms are absent due to a long relaxation time for Earth's rotational bulge. Otherwise, 73% of the geoid variance is explained. The viscosity increase is consistent witIx our velocity reduction factor for slabs entering the lower mantle, since downwelling velocities are expected to scale roughly as the logarithm of viscosity (loge 40 -3.7). These results show that the history of plate tectonics can explain the main features of the present-day structure of the mantle. The dynamic topography induced by this heterogeneity structure consists mainly of about 1-kin amplitude lows concentrated along the active continental margins of the Pacific basin. Our model can also be used to predict the time variation of mantle heterogeneity and the gravity field. We find that the "age" of the geoid, defined as the time in the past herore which the geoid becomes uncorrelated witIx the present geoid, is about 50 m.y. Our model for the history of the degree 2 geoid, which is equivalent to the history of the inertia tensor, should give us a tool to study the variations in Earth's rotation pole indicated in paleomagnetic studies.
INTRODUCTION
Convection in Earth's mantle gives rise to horizontal density variations which cause lithospheric plate motions at Earth's surface. If the oceanic lithosphere is assumed to be the cold upper boundary layer for global mantle convection, then convection models predict that regions of lithospheric downwelling ("subduction zones") should be underlain by cold descending plumes ("slabs"). If the mantie is heated largely by internal radioactivity, then these downwelling plumes are expected to dominate mantle heterogeneity structure [McKenzie ½• al., 1974] , with hot upwelling plumes playing a relatively minor role. This basic scenario for mantle dynamics is supported by a broad spectrum of evidence [Davies and Richards, 1992] : Deep WadaftBenioff zone seismicity shows that the lithosphere descends to great depths beneath subduction zones and the large-scale configuration of these subduction zones remains fairly stable in time [Richards and Engetbretson, 1992] . Mid-ocean ridges behave as unstable, passive upwelling features whose
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•2Now at Department of Geology and Geophysics, University of Here we take the work of Richards and Engebretson[1992] to its next logical step by using subduction zone reconstructions to create a history of mantle heterogeneity since Mesozoic time. Our model is unique in that we attempt to predict not only the present-day mantle heterogeneity structure but also its evolution in time. Full treatment of the temporal aspects of the model is delayed largely until a future publication. However, the implications may be of considerable interest, since knowing the time evolution of mantle structure allows one to predict, for example, the variations in the planet's moment of inertia (" true polar wander") and global sea level variations (the difference between geoid height and dynamic topography).
In this paper we begin by describing in detail the essential features and assumptions of our mantle heterogeneity model. We then make a systematic comparison between this model and both seismic tomography and the geoid. We are able to achieve an excellent fit to both the geoid and tomography by using a •nantle viscosity structure almost identical to that derived in our previous studies. Last, we consider the time variation of mantle heterogeneity structure, and some of its implications.
MANTLE HETEROGENEITY MODEL
We seek to construct a model of mantle heterogeneity based on the assumption that subducted slabs are the primary source of thermal buoyancy in the deep mantle. We further assume that thermal diffusion does not significantly alter the long-wavelength signature of subducted lithosphere on the time scale of interest (~100-200 m.y.). The thermal diffusion length scale for mantle rocks is only ~100 km for a timescale of 100 m.y., i.e., the time it takes to form mature oceanic lithosphere. Since we are interested in •nodeling mantle heterogeneity at wavelengths of thousands of kilometers (e.g., for modeling global seismic tomography or the satellite geoid), heat diffusion will be negligible for at least a few mantle transit times [Bunge and Richards, 1992] .
Thus, rather than solving a full three-dimensional convection problem constrained by plate motions (work in progress), we construct a mechanistic model by invoking a simple parameterisation for the trajectory of subducted slabs. Using a model of past plate motions, we introduce the slabs into the mantle at the position in the hotspot reference frame where they were subducted, at the time they were subducted. Geological ti•ne is divided into 5-m.y. intervals, and a slab tracer ("slablet") is assigned for each small amount of plate area subducted along a subduction zone segment during each tithe interval. These "slablets" become effective point mass tracers that sink through the mantle in a manner described below. To be self-consistent, our model must include all the slabs over a period larger than the characteristic time needed for a slab to sink through the depth of the mantle. Richards and Engebretson [1992] . Models of slab-related heterogeneity cmnputed frmn these different reconstructions lead to very similar patterns of long-wavelength structure. Within the logic of our model, the early Mesozoic and Paleozoic slabs should be close to the core-mantle boundary or essentially floating on it. It is well known that mass anomalies located close to a chemical interface are locally compensated, thus giving no contribution to the geoid signal or in driving convective •notions. These slabs are thus dyna•nically "dead" although they may influence the core-•nantle topography or the seislnic velocity structure near the core-•nantle boundary.
To keep things simple, we suppose that slabs sink vertically in the upper mantle with a velocity equal to the local plate convergence rate. Allowing for a viscosity increase between the upper and lower mantle at a depth of 670 kin, we reduce this sinking velocity by a factor less than or equal to the lower/upper mantle viscosity ratio, *ll/*lu, when the slabs enter the lower mantle.
In order to conserve thermal buoyancy, we assume that the slabs are folded or thickened in proportion to this velocity reduction factor.
The appropriate a•nount of reduction in sinking velocity corresponding to a viscosity increase is questionable. An upper bound would be the viscosity contrast itself *ll/?lu assuming that each subducted slablet behaves ms as an in-els we construct, the lower/upper mantle viscosity contrast is the only true free parameter, with the slablet velocity reduction factor restricted to a limited range dependent upon the viscosity contrast.
We also neglect horizontal motions of slabs, consistent with our belief in a significant viscosity increase with depth. The lack of significant horizontal advection of subducted slabs in the lower mantle on the 100 m.y. timescale is also consistent with the very slow relative motion of hotspots [Duncan and Richards, 1991] , In this paper, we examine spherical harmonic representations of mass anomalies up to degree 15, corresponding to half wavelengths greater than 1300 kin, so that lateral drift of downgoing slabs by the same amount will not substantially change our results. Therefore, the •nain source of apparently horizontal slab motion in the mantle is an artifact of trench migration, not deep mantle flow. This results in stone inclination of deep slab structure in our model beneath the Americas due to tile westward migration of tile active continental margins of North and South America since the beginning of the Mesozoic. Ill contrast, tile slabs beneath the western Pacific are more or less vertical in our model due to tile remarkable stability of subduction zones in that region through tilne. Our model also results in some "refraction" of slab trajectories at 670 km due to the reduction in slablet sinking velocity.
In order to derive a mantle density distribution from our slablets, which represent pieces of subducted plate area, we must assign them an excess stirface density Art. For tile Cenozoic, wilere we have been able to make age estimates for subducted lithosphere, we use the use tile following expression to assign tile surface density contrast due to sillking slabs: Art = 80 kg/m 2 v/age/90, A degree-by-degree correlation C(I, r) between our slabs and tomography can also be computed as a function of depth. We perform this exercise with s = 4.4, a value which does not give quite the maximum of the correlation, but which we will use later in modeling the geoid. [Hagcr and ] or continuous models [Forte, 1992] .
Frown the slab velocity decrease of 3-4 determined above, we infer that the viscosity increase should be between this value and its exponential, say between 3 and 60. As a first experiment we choose '11: 40, *llith: l0 and a factor of velocity reduction s = 4 to compute the synthetic geoid. This synthetic geoid is found to have a strikingly good correlation with the observed one. The fit may be •neasured in terms of variance reduction l/r, which is defined by
where AR is the amplitude of the residual geoid (the difference between observed and computed geoids) and AN is the amplitude of the real geoid. Including all degrees up to 1 = 15, our "first guess" model achieves a variance reduction of 70%.
To clarify this result and to estimate the uncertainties in chosing our three parameters, namely, s, ?llith, and ?ll, we co•npute the total correlation between the synthetic anti the observed geoid when only one of these parameters is varied, with the other ones kept constant. Since the total correlation ,nainly reflects the correlation at degrees where the amplitudes are large, i.e., at degrees 2 and 3 for the geoid, we also compute the total correlation between synthetic and observed free-air gravity anomalies. The expansion in spherical harmonics of free-air gravity anomahes can be deduced from that of the geoid by multiplying the geoid coefficients by (l-1)/a, where a is Earth's radius. This multiplication leads to a signM having a •nuch flatter spectrum than that of the geoid. A high correlation between predicted and observed free-air gravity demonstrates that our •nodel is Mso satisfactory at shorter wavelengths. 
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where Izi are the nondiagonM inertia colnponents in the geographical frame and C-A is the difference between the equatorial and polar hydrostatic inertia values. The off diagonM inertia tensor terms are related to the geoid coefficients at degree 2 by Izz = Ma2(5/3)l/2G21, Figure 14 shows the surface dynamic topography up to degree 15 deduced front our model. A density contrast of 2500 kg m -3 appropriate to the oceans has be used worldwide to compute this topography. On continents, the topography should be reduced by 30%. This topography clearly follows the subduction zones around the Pacific. Its pattern is quite different from that of the geoid. The correlation between this dynamic topography and the geoid is only -0.25. The dynamic topography is generally rather small except along the marginal seas and active continental margins. This explains why most of the oceanic topography can be simply approximated by an age dependent curve. The fact that the dynamic topography is confined mainly to marginM seas and active margins •nakes it even more difficult to observe, since it tnay be partly filled by sediments or counterbManced by a hotter (or wetter) upper mantle in the back-arc regions.
TIME-DEPENDENT (]RAVITY
If we assume titat most of the geoid is related to past subduction, we can also cotnpute a tithe-dependent geoid. Instead of adding all the past slabs until the present, we can add all the slabs until some given time in the past. Our model of present-day anomalies is independent of slabs subducted 200 •n.y. ago, because this tithie is larger than the time needed for most slabs to sink through the mantle. In our preferred model where the slab velocities are decreased by a factor 4.4 at 670 km depth, this characteristic time is about 120 m.y. This means that 120 m.y. of plate motion must be known before any given time in order to compute the geoid at that time. This also means that it is reasonable to attempt to model gravity variations at least back to the beginning of the Cenozoic.
Knowledge of the past gravity field opens the possibility of addressing a large nu•nber of problems in geodynamics with new insight. To name a few' What is the "age" of the present geoid? What gravity changes and what sealevel changes can be related to mantle dynamics? How does plate motion (subduction) affect Earth's rotation? We are far froth being able to answer these questions, but we can already make some rentarks.
A model prediction which should be quite independent of the assumptions about the mantle heterogeneity in the early Mesozoic is the present time derivative of the geoid. 3. Upwelling Inantle phnnes transport a relatively small amount of heat through what appear to be rather confined, axisymmetric structures which probably contribute little to the large-scMe mantle heterogeneity structure. 4. A relatively high viscosity lower mantle may allow for a prolonged spatial "memory" of past subduction, as well as providing a relatively fixed hotspot reference kame for describing the history of plate motions.
Mantle dynamics is probably more complicated than this but perhaps not by much on the large scale. The primary area of difficulty we have avoided is that of the dynamics of the mantle transition zone. We have considered only the possibility of a viscosity contrast at 670 kin, and we have so far ignored the effects of phase transformations and of a possible chemical density increase with depth. The simplest alternative model is that of slabs piling up on an impenetrable barrier at 670 km. We have tried this, and it does not produce a geoid that is correlated with that observed. Of course, in this case we cannot model lower mantle heterogeneity. Clearly, a more sophisticated model, with thermal coupling across an internal boundary layer or perhaps with intermittent layered/whole mantle flow due to phase transitions [Machetel and Weber, 1991] , is desirable, and we cannot comment at this time upon the possible merits of such models. Yet it is remarkable how well our simple, whole Inantle model fits the geoid and seismic tomography, considering how few free parameters (really only one or two important ones) are involved. By contrast, recent efforts to obtain comparable fits to the geoid using seismic tomography involve many mantle viscosity layers (•10), as well as adjustable parameters for converting seismic velocity variations to density variations [Forte, 1992] . lit that sense, our model provides a more "robust" fit to both the observed geoid and gravity field.
Some intriguing questions arise from our comparisons with seismic tmnography. First, the slab density provides a good fit to the degree 2 geoid, including the 6'20 term which has not generally been fit well in the past using seismic tomography. We note that subducted slabs are infinitely thin in our model, yet they are able to explain global seislnic toinography and the geoid, both of which reflect only longwavelength mantle structure. This follows froIn the very non-randoln distribution of subduction ZOlaes over the past 200 m.y., i.e., the Pacific "ring of fire". Subducted slabs, which are initially only ~100 kin thick, probably staffer little therlnM equilibration at large length scales, while they sink through the mantle. Therefore, our inodel predicts that seisInic tomography should iliad sharper high velocity structures origin.
An important implication of the apparent success of our model is that we may now consider •nodeling the history of mantle heterogeneity. This means that we could also model the history of •nantle derived tractions acting on the plates, global "eustatic" sea level variations, and variations in the Earth's rotation. The preliminary calculations of gravity variations that we have presented in this paper are intended mainly to be illustrative, and this is an exciting area for future research.
